I N T R O D U C T I O N
Orienting gaze toward an object is very useful for foveate animals to locate and visually identify it, as well as pursue it accurately when it moves (Krauzlis 2004; Schoppik and Lisberger 2006) . When the object is static, the locus of activity that it evokes on the retina leads to an appropriate set of oculomotor commands which quickly and accurately bring the object's image on the fovea (Goffart 2009). However, when the object is moving, the generation of the foveating saccade is slightly more complicated because the object's motion evokes a streak of retinal activity that is less delimited. To accurately foveate it at saccade end, the oculomotor system must correctly estimate its path before switching to the pursuit mode (Lisberger 1998) . Such estimation implies the processing of target motion-related signals during the period that unfolds between the time when the object is detected and the time when the saccade ends. The precise temporal limits of this period are not clearly defined when one considers variable delays for transmitting retinal signals and building oculomotor commands.
Using a task where a target suddenly stepped to a new position after it appeared in the periphery (double-step task), Becker and Jürgens (1979) showed that the visuo-oculomotor system can keep track of sudden changes in target position when they occur 80 -200 ms (depending on the step) before saccade onset. Using a similar task where the second step was orthogonal to the first one, Gellman and Carl (1991) showed that the oculomotor response is accurate only when the change in target position occurs ϳ140 ms before saccade onset. Following the study of Becker and Jürgens (1979) , it has been considered that the target position was sampled 100 ms before saccade onset and that subsequent retinal slip signals were integrated to elaborate an additional command required to compensate for the motion of the target after its detection (Guan et al. 2005; Keller and Johnsen 1990; Schreiber et al. 2006 ). However, a discrete sampling of target position is questioned by experiments showing that two saccades to different goals can be concurrently programmed, even just before launching a saccade (see McPeek and Keller 2001 for relevant references). A concurrent processing of visual targets has also been supported by the demonstration of overlapping presaccadic activities in the deep superior colliculus (SC) near the time of saccade onset (McPeek and Keller 2003; Port and Wurtz 2003) . A similar continuous (but predictive) sampling of target position could also apply to the generation of saccades toward a moving target. Indeed, Barmack (1970) showed such saccades can be modified by changes in the speed of a target occurring 50 ms before their onset.
It is well established that the smooth movement of a small target in the peripheral visual field leads to vigorous neural discharges in the superficial layers of the SC (Cynader and Berman 1972; Moors and Vendrik 1979; Schiller and Koerner 1971) and the middle temporal visual area (Albright et al. 1984; Mikami et al. 1986; Zeki 1974) . However, conflicting results were obtained regarding their implication in the generation of saccades toward a moving target. On the one hand, using a task where the target ramped immediately after it stepped in the periphery (step-ramp task), Heywood and Churcher (1981) found that saccades were not very accurate in human subjects and that their performance could involve idiosyncratic strategies like procrastination or anticipation (see also Ron et al. 1989) . However, using an experimental condition that involved a large number of target speeds (to avoid speed classification or learning strategies), Keller and Johnsen (1990) provided evidence in the monkey that the target speed is taken into account for producing accurate saccades to a moving target. Similarly, Gellman and Carl (1991) showed in human subjects that information about target speed is also used for producing accurate saccades. Considering a discrete sampling of target position, they suggested that a comparison between saccade amplitude and target eccentricity 140 ms before the saccade onset may have led to a different conclusion in the study of Heywood and Churcher (1981) . On the other hand, the use of motion-related signals for generating saccades to a moving target is supported by neurophysiological studies. Indeed, the chemical lesion of area MT impairs the accuracy of saccades directed toward a moving target without affecting those aimed at a static one (Newsome et al. 1985; Schiller and Lee 1994) . A similar selective deficit in saccade accuracy was observed after lesioning the dorsolateral pontine nucleus (DLPN) (May et al. 1988 ), a precerebellar nucleus conveying motion-related signals to the cerebellum (Boussaoud et al. 1992; Giolli et al. 2001; Glickstein et al. 1980; Ungerleider et al. 1984) . More recently, Cassanello et al. (2008) reported modulations, by target speed, in the firing rate of saccade-related neurons in the frontal eye field during saccades to a moving target. Moreover, they also showed that a putative supplementary motion-related command added to a sampled target position would remain correlated with target speed even with a sampling occurring a few milliseconds before saccade onset. Finally, studies in the monkey showed that saccades made to a moving target have a lower peak velocity and a prolonged deceleration phase and, in some cases, a second peak eye velocity during their deceleration phase (Guan et al. 2005; Keller et al. 1996) . According to these authors, such late influence in saccade dynamics would reflect the additional command that compensates for the target displacement occurring from the time when it is detected in the peripheral visual field until its saccadic foveation.
In this study, we used a step-ramp paradigm that allowed us to estimate the influence of motion-related signals on saccades. In this paradigm, the target step occurred along the cardinal axes (horizontal or vertical) and the target ramp was orthogonal to the step. This paradigm could be very useful for future electrophysiological investigations on the ability of the visuosaccadic system to cope with moving targets. Moreover, it also allowed visualizing differently the changes in saccade dynamics reported by other studies (the target steps and motions were made along the same directions in Guan et al. 2005 and Keller et al. 1996) and to relate it to a remapping of the saccade goal rather than to a delay in transmitting a compensatory command during the ongoing saccade.
M E T H O D S

Subjects and surgical procedures
Two adult rhesus monkeys (Macaca mulatta, 7-9 kg) were used for this study. For the monitoring of their eye movements with the magnetic field search coil technique, a three-turn magnetic search coil was sutured to the sclera under the conjunctiva of the right eye under isoflurane anesthesia and aseptic conditions (Fuchs and Robinson 1966; Judge et al. 1980) . Lead wires were passed under the skin to a connector located on the top of the skull. During the same surgery, a head restraint fixture was positioned on the top front center of the skull and secured with bone cement (Gentafix, Teknimed) and stainless screws were attached to the skull. This surgical procedure and experiments were performed in accordance with the guidelines from the French Ministry of Agriculture (87/848) and from the European Community (86/609/EEC). Care and maintenance was under the auspices of full-time veterinarians.
Eye movements recording and visual stimuli
Data acquisition, on-line control of the oculomotor performance, and stimulus triggering were controlled by a PC using REX software package with the real-time QNX operating system (Hays et al. 1982) . Voltage signals separately encoding horizontal and vertical positions of the eye were low-pass filtered (Bessel, 6 poles, DC, 180 Hz, 2.4 ms delay) and sampled at 1 KHz, with a resolution of 16 bits. Monkeys were seated in a chair, facing a large (80 ϫ 80 cm) screen located at a viewing distance of 96 cm. Visual stimuli were back projected using a high-resolution Barco 809s video projector (1,280 ϫ 1,024 pixels @ 100 Hz). Visual stimuli were precomputed stimuli using the HIPS libraries (Landy et al. 1984) and stored into the memory of a SGI Fuel workstation. The visual workstation and experimental PC communicated throughout a serial port. Synchronization between the two computers has been fully described elsewhere (Masson et al. 2000) .
Behavioral tasks
Monkeys had to fixate a small white target (Gaussian blurred disk of 0.5°diam) for 1,000 Ϯ 250 ms. After this fixation period and following a gap of 200 ms, the target stepped at an eccentricity of 8 or 16°horizontally (leftward or rightward) or vertically (downward or upward) and moved with a constant speed (7, 14, or 21°/s) in a direction that was orthogonal to the step (moving target trials). Variable delays (0, 100, 200, or 300 ms) were used between the step and the onset of the ramp to further reduce the amount of target motion before saccade onset. All possible combinations of step amplitudes and target motions (direction and speed) were applied in pseudorandom order to avoid anticipatory responses. As shown in Supplemental Fig. S1 , 1 there was no sign of anticipatory pursuit in our trials. The monkeys' task was to generate a saccade toward the target and to pursue it until it disappeared off the visual display. A water reward was delivered 1,500 ms after the delay. The temporal sequence of events and an example of saccades recorded during this behavioral paradigm are shown in Fig. 1 .
Trials were also included where the target did not move after the step to compare the curvature of elicited saccades to that of saccades made to a moving target. During these oblique control saccade trials, an orthogonal component of 4°was associated to the step. Moreover, to estimate the net influence of the target motion on saccades, control movements (hereafter called cardinal saccades) toward static targets located 8 and 16°on the cardinal axes were also recorded.
Data analysis
The data were digitized on-line and analyzed off-line using a software program that detected the onset and offset of the horizontal and vertical saccade components on the basis of a velocity threshold (30°/s), which was larger than the fastest target motion (21°/s). The results of this automatic detection were checked by inspecting each trial individually and adjusted manually when necessary. Horizontal and vertical eye velocities were calculated on the position (x) data points with the linear digital filter:
, where H is the sampling period (0.002 s). This represents a five-point parabola with every adjacent point (other than the current point) sampled (Tompkins and Webster 1981) .
Every primary saccade was decomposed into two components: a step-related component and a motion-related component. The steprelated component corresponds to the eye displacement of the same direction as the target step and the motion-related component to the orthogonal eye displacement. For example, when the target stepped vertically and moved horizontally, the step-related component corresponds to the vertical saccade component and the motion-related component to the horizontal one. The influences of target speed and total motion duration on the amplitude of each component were analyzed. The total motion duration is defined as the duration between the onset of the target motion and the end of the motion-related component. For the analysis of saccades to a moving target, we included all the saccades for which this duration was positive (saccades that ended before target motion onset were not considered). The mean amplitude of the shorter component of cardinal saccades toward a static target (with a comparable step) was subtracted from the amplitude of the motion-related component for better estimating the net influence of the target motion.
R E S U L T S
Considering first the triggering of saccades, the latency of those directed toward a moving target was slightly longer than the latency of saccades toward a static target. However, this observation was not consistent. For example, the latency of horizontal saccades made to targets moving vertically at 21°/s (median Ϯ interquartile range ϭ 155 Ϯ 39 and 187 Ϯ 65 ms in monkeys N and K, respectively ) was slightly longer than the latency of saccades to static targets (143 Ϯ 32 and 163 Ϯ 23 ms; Mann-Whitney nonparametric U test, P Ͻ 0.001). However, when saccades to vertical targets (target moving horizontally at 21°/s vs. static) were considered, the difference was significant in monkey N (151 Ϯ 26 vs. 141 Ϯ 26 ms), but not in monkey K (188 Ϯ 79 vs. 186 Ϯ 53 ms). When the asymmetry in the generation of vertical saccades was considered (Zhou and King 2002) , it was found that the latency was longer, in both monkeys, for downward saccades toward a moving target (monkey N: 156 Ϯ 39 vs. 145 Ϯ 24, P Ͻ 0.001; monkey K: 208 Ϯ 65 vs. 192 Ϯ 46, P Ͻ 0.001) but not for upward saccades in monkey K (monkey N: 144 Ϯ 37 vs. 135 Ϯ 21, P Ͻ 0.001; monkey K: 101 Ϯ 91 vs. 102 Ϯ 57, P Ͼ 0.05).
Concerning the saccade dynamics, Fig. 2 shows the relation between the peak velocity and the amplitude of the step-and motion-related components for all saccades recorded in monkey N. Like the step-related component, the motion-related component had a peak velocity that increased with its amplitude and that largely exceeded the range of tested target speeds. This peak velocity neither depended on the speed of the target motion (Supplemental Fig. S2A ) nor on the magnitude of the target step (Supplemental Fig. S2B ).
However, the kinematics of saccades to a moving target differed from the kinematics of those aimed at a static one. Figure 3 shows the trajectories and the velocity profiles (insets) of oblique saccades that had similar horizontal and vertical amplitudes and aimed at the two target types (A and B: static target, C and D: target moving horizontally and vertically at 21°/s after the step, respectively). Compared with the peak velocities of the shortest and largest components of oblique saccades toward a static target, the peak velocity of the motion-related components sometimes lagged the peak velocity of the step-related components (e.g., 8 ms lag in C vs.
Ϫ0.25 ms in A).
The small delay between the peak velocities of the step-and motion-related components gave a slight curved aspect to the saccade trajectory. Moreover, the duration of the motionrelated components was 5-15% longer (for the horizontal and vertical, respectively) than the duration of the shortest component (with matched-amplitude) of oblique saccades toward a static target. We further describe the amplitude of the motionrelated component and the curvature of saccades made to a moving target.
Amplitude of the motion-related component
The amplitude of the motion-related component depended on two parameters: 1) the total motion duration, i.e., from the target motion onset until the end of the saccade (see METHODS) and 2) the speed of the target motion. When the saccade was launched before the onset of the target motion, its trajectory was obviously similar to a cardinal saccade aimed at a static target and was followed by a pursuit eye movement. When the saccade was initiated after the target started to move, its endpoint was deviated in the direction of the target motion with a magnitude that depended on the total motion duration. Figure 4 shows for each target speed how the spread of saccade endpoints increased with the duration of target motion (data collected in monkey N, similar results were observed in the other monkey). When the target moved at 7°/s (left), the saccades landed in a zone which was more circumscribed than the landing zone observed with the two other target speeds (middle: 14°/s, right: 21°/s). The largest spread of saccade endpoints was observed when the target moved at 21°/s. For each target speed, the most eccentric landing positions were those of saccades that were associated with the longest motion durations (red colored symbols).
Figure 5 describes for each monkey (solid lines: monkey N; dashed lines: monkey K) how the amplitude of the motionrelated component gradually increased with the total motion duration. For very short durations, this amplitude did not vary because there was not enough time for the smooth change in target position to alter the saccade trajectory. A change in amplitude was observed in monkey N after the target had moved for ϳ80 ms when its speed was 21°/s (□). Beyond that value, the amplitude of the motion-related component increased with the duration of target motion. A similar increase in amplitude occurred with the lower target speeds (OE: 7°/s; : 14°/s), but after a longer target motion duration (ϳ120 ms). Measurements made in monkey K did not show the early change in amplitude with the fastest target motion; the amplitude of the motion-related component started to increase when the target motion duration exceeded ϳ90 (following a horizontal step) and 120 ms (vertical step), regardless of the speed.
To avoid partitioning the set of total motion duration values in classes of unequal size, a sliding procedure was used for estimating the minimum duration beyond which the amplitude of the motion-related component differed from the amplitude of the minor component of control cardinal saccades. Briefly, for each target speed, the saccades were ranked according to their corresponding total motion duration, and for every duration value, the amplitudes of the motion-related component of the 50 neighboring values (25 values below and 25 values above) were compared with the amplitudes of the minor component of randomly selected cardinal saccades. The difference between the respective cumulative probabilities was tested using the nonparametric Kolmogorov test (P Ͻ 0.01). Figure 6 shows these differences for the amplitude of the horizontal (top) and vertical (bottom) motion-related components. Concerning vertical saccades (top), the horizontal amplitude of the motionrelated component significantly differed from the horizontal amplitude of control saccades when the total motion duration exceeded 76 and 80 ms (in monkeys N and K, respec- tively) for a target moving at 21°/s. When the target moved at 14°/s, a minimum duration of 126 and 84 ms (values for monkeys N and K, respectively) was required to detect a difference in horizontal amplitude. For the 7°/s target speed, these durations were 134 and 97 ms. Concerning horizontal saccades (bottom), differences in vertical amplitude were significant when the total motion duration exceeded 80 and 95 ms (values for monkeys N and K, respectively) when the target moved at 21°/s target speed and 99 and 98 ms when it moved at 14°/s. With the 7°/s target speed, the durations were longer: 123 ms in monkey N and 179 ms in monkey K. Note that the latter large value observed in monkey K was due to the distribution of duration values (range ϭ 160 -180 ms). When a lower level of statistical significance was used (P ϭ 0.05, horizontal dotted line), the minimum duration required to detect a difference in vertical amplitude dropped to 116 ms.
Accuracy and precision of the motion-related component
We now describe the accuracy of saccades by plotting the difference (Error) between the amplitude of the motion-related component and the eccentricity of the moving target at saccade end. Figure 7A shows the accuracy of saccades generated by monkey K when the target moved horizontally after a vertical step; Fig. 7B shows when it moved vertically after stepping horizontally. For the lowest target speed (7°/s, leftmost graphs), the error values were distributed around zero, regardless of the duration of the target motion that occurred before saccade end. For faster targets, the error values were mostly negative (hypometric motion-related component) and more scattered. A larger proportion of hypometric saccades was observed when the target moved at 21 (mean Ϯ SD of horizontal errors ϭ Ϫ0. The hypometria of the motion-related component could thus result from a difficulty in building a neural estimate of target speed when the latter increases. However, the hypometria might also indicate that the saccades were directed toward a target location that was sampled before saccade end. To estimate the time (relative to saccade end) at which the target position would match with the forthcoming saccade endpoint, we calculated another error parameter (estimated error) considering the eccentricity of the target at different times relative to saccade end (Fig. 8) rather than its eccentricity at saccade end. The errors observed during saccades to static targets (control) are also shown for comparison (dashed line). In monkey N (left), the estimated error of the motion-related component was similar to the error of control saccades when the former value was calculated with the position that the target had 40 -60 ms before saccade end. In monkey K (right), both errors were similar when considering the target location at saccade end during the vertical step-horizontal ramp condition. In the horizontal step-vertical motion condition, the estimated errors were similar when the target position 40 -60 ms before saccade end was also considered. Considering the delay for relaying retinal signals to the oculomotor muscles, it seems therefore unlikely that the hypometria is caused by a problem in sampling target position.
Moreover, the observation that the error of the motionrelated component was similar to the error of saccades to static targets when the error was calculated with a target position value measured around the onset of the saccade or during its course (40 -60 ms before saccade end) might suggest that the target displacement that happened during the course of the saccade was not taken into account. If so, one should expect to observe an error that increases with saccade duration. In fact, Fig. 9 shows that there was no correlation between the error and the duration of saccades; the magnitude of the hypometria did not increase with saccade duration. Saccades to moving targets were slightly hypometric (see the negative mean values), whereas the error of saccades to static targets were close to zero (mean: vertical step: 0.35 and Ϫ0.31 for monkeys N and K, respectively; horizontal step: 0.04 and Ϫ0.01). Figure 9 also shows that the precision of saccades to static targets was significantly higher (smaller dispersion) than that of saccades to moving targets (F-test: P Ͻ 0.05 for the 2 step conditions and the 2 monkeys). In other terms, saccades to a moving target were less precise than saccades to a static target. Figure 3 showed that saccades toward a moving target displayed some curvature in comparison to oblique saccades of similar amplitudes and aimed at a static target. To further quantify this observation, we calculated the delay between the peak velocities of the motion-and step-related components and compared it with the peak asynchrony between the horizontal and vertical components of control oblique saccades with similar amplitudes. Figure 10 shows the cumulative probability of peak asynchronies for saccades directed toward a target moving at 21°/s (thick trace) and for oblique saccades aimed at a static target (thin trace), both groups having similar ampli- tude ranges (14 -18°for the amplitude of the larger component, 2-6°for the amplitude of the smaller one). Note that for the group of saccades toward a moving target, only experimental conditions with a zero delay between the target step and the onset of its motion were considered to remove the influence of the experimental delay that was introduced in some trials (see METHODS).
Saccade curvature
The peak asynchrony was significantly longer for saccades aimed at the moving target than control saccades (Kolmogorov-Smirnov test, P Ͻ 0.05) exception made of saccades generated after the target initially stepped vertically in monkey K (P Ͼ 0.05). A peak asynchrony of ϳ10 ms was observed in 76 -97% of control saccades versus 54 -85% of saccades toward targets moving horizontally. Thus there was a larger proportion of saccades with short peak asynchrony when the target was static than when it was moving.
When the peak asynchronies were compared between saccades to targets moving at 21 and 14°/s (amplitudes of the motion-related component ranging from 1 to 3°), larger peak asynchronies were observed in the former saccades than in the latter (Fig. 11) . In other terms, increasing the target speed increased the probability to observe larger asynchronies between the peaks of the step-and motion-related components. To further assess this asynchrony, we analyzed two other characteristics: the delay between the onsets of the step-and motion-related components (onset asynchrony) and the ratio between the duration of their accelerations. The delay between the horizontal and vertical components of control oblique saccades (monkey N: 3.46 Ϯ 1.73 and 5.28 Ϯ 2.25 ms; monkey K: 6.1 Ϯ 2.04 and 3.87 Ϯ 1.75 ms for the vertical and horizontal step condition, respectively) was not significantly different (Kolmogorov test, P value Ͼ0.05) from the onset asynchrony observed in saccades toward a target moving at 21°/s (monkey N: 4.95 Ϯ 1.85 vs. 5.9 Ϯ 2.01 ms; monkey K: 6.14 Ϯ 2.71 vs. 4.7 Ϯ 1.96 ms). Thus no evidence could be found suggesting a delay for generating the motion-related component relative to the step-related one. Concerning the ratio between the durations of the acceleration of each components, larger values were observed in saccades toward a moving target (monkey N: 1.31 and 1.15; monkey K: 1.2 and 1.01 for the vertical and horizontal step conditions, respectively) than in oblique saccades toward a static target (monkey N: 1.06 and 1.02; monkey K: 1.1 and 0.85 for vertical and horizontal step conditions, respectively). These differences were statistically significant (Kolmogorov-Smirnov test, P Ͻ 0.05). In other terms, during saccades to a moving target, the acceleration duration of the motion-related components was longer than the acceleration duration of the step-related component. However, there was no major change in the velocity profile of the motion-related component because the ratio between the acceleration duration and the total saccade duration were approximately the same as the ratio calculated on cardinal saccades (monkey N: 0.6 and 0.54 vs. 0.51 and 0.58; monkey K: 0.57 and 0.53 vs. 0.52 and 0.54, for vertical and horizontal step conditions, respectively).
The increase in the duration of the motion-related component of saccades was not restricted to the acceleration phase but extended until saccade end, resulting in a longer duration of the motion-related component in comparison with the duration of the step-related component. Figure 12 shows that the duration of the motion-related component was longer than the duration of the smallest component of oblique control saccades (Kolmogorov-Smirnov test, P Ͻ 0.05), whereas the durations of the step-related component did not significantly differ between saccades toward a moving target and oblique saccades toward a static one. An exception was found in monkey K when the target stepped vertically. During this condition, no significant difference was found between the duration of the motionrelated component and the duration of the smallest component of control oblique saccades. Further examination of these saccades showed a difference in latencies between upward and downward saccades, whether the target was static or moving. Indeed, a higher proportion of short-latency saccades (with latency values Ͻ100 ms) were observed during upward target steps than downward ones. Interestingly, when considering only upward saccades, a significant difference in peak asynchronies was found between saccades to static and moving targets (P Ͻ 0.05). Moreover, the duration of the motionrelated component was also longer than the duration of the shorter component of oblique saccades to a static target (P Ͻ 0.05). This longer duration led to a change in the delay between the ends of the step-and motion-related components. Compared with oblique saccades toward a static target, the asynchrony between the ends of the largest and smallest components was significantly increased by 1-5 and 6 -8 ms (respective average absolute values in monkeys N and K during the vertical and horizontal step conditions; P Ͻ 0.05). A significant correlation was found between this asynchrony and the target speed when the target moved horizontally after a vertical step (r ϭ 0.83, P Ͻ 0.05 for the 2 monkeys) but not during the other test conditions.
D I S C U S S I O N
This study investigated the properties of primary saccades generated in response to a target that stepped in one direction (horizontally or vertically) before moving with a constant speed in the orthogonal direction. Confirming previous studies (Guan et al. 2005; Keller and Johnsen 1990) , it showed that the resulting saccade cannot be reduced to the superposition of a saccade responding to the step and a pursuit response to the target motion. Indeed, the velocity of the component in the direction of target motion was much higher than a pursuit response (Fig. 2) . Depending on the monkey and target speed, this motion-related component appeared 76 -134 ms after target motion onset (Figs. 5 and 6 ). It also showed that saccades landed on positions close to that of the moving target, with a small hypometria that did not depend on motion duration but slightly increased with target speed (Figs. 7 and 8) . Although the onset asynchrony of the horizontal and vertical components did not differ between step-ramp saccades and control saccades with matched horizontal and vertical amplitude components, the peak velocity of the motion-related component occurred later than those of the step-related component ( Fig. 10 ; see also Guan et al. 2005; Keller and Johnsen 1990) , leading to a slight curvature in saccade trajectory (Fig. 3) . This peak asynchrony increased with target speed (Fig. 11) . Finally, although the acceleration ratio was very similar between matched amplitude saccades toward a static or moving target, the latter had longer durations than the former.
Timing of target motion-related signals for the generation of saccades
Previous studies on saccades toward moving targets were based on the assumption that the target position was sampled some 100 FIG. 8. Time course of estimated saccade error. The target position was estimated at various times relative to saccade end for calculating the plotted average error. The SE is also shown. Negative values correspond to a hypometria of the motion-related component (too short amplitude). Target speeds: 7 ms before the onset of the saccade and that a supplementary command, elaborated from target motion signals, would compensate for the target displacement that intervened after the position sampling (Gellman and Carl 1991; Guan et al. 2005; Keller and Johnsen 1990; Keller et al. 1996; Optican and Quaia 2002) . It was indeed shown that saccades toward a forward moving target were characterized by a lower peak velocity (possibly related to an initial sampling of target position) and a prolonged deceleration phase (Guan et al. 2005; Keller et al. 1996) . However, in these studies, the transition between the step-and motion-related components was difficult to establish because the target step and motion were iso-directional. In our study, the target step and motion occurred along the two cardinal axes (horizontal and vertical) and were perpendicular to each other. This arrangement permitted to easily separate the step-related and motion-related components and to better estimate the onset and build-up of the latter. Thus we could observe that the amplitude of the motionrelated component differed from the amplitude of the smallest component of saccades toward a static target after the target had moved Ն80 ms when its speed was 21°/s and 120 ms with the other tested target speeds. These values are consistent with the delays for transmitting visual signals to the oculomotor system in macaques. Indeed, while tested during express saccades toward static targets, the average delay for observing visual bursts in visuomotor cells in the deep superior colliculus approximates 70 ms (Sparks et al. 2000) . Adding a 10 -20 ms delay for this collicular burst to translate into a change in eye position (Gandhi et al. 1999; Miyashita and Hikosaka 1996; Munoz and Wurtz 1993) would make 80 -90 ms the minimum time for motionrelated signals to influence the generation of saccades.
Concerning the build-up of the motion-related component, no significant asynchrony could be detected between the onsets of the two components in comparison to the onsets of the horizontal and vertical components of oblique saccades with matched amplitudes. This suggests that both components were initiated simultaneously. Significant asynchronies were found only later, between the peak velocities and the end times of the two components. Although the duration of the step-related component did not differ from the duration of the larger component of control saccades to a static target, the duration of the motion-related component extended beyond the duration of the smaller component of control saccades (Fig. 12) . Consistent with results reported in other studies using isodirectional steps and ramps (Guan et al. 2005; Keller et al. 1996) , these observations describe the dynamics of processes relaying motion-related signals to the brain stem saccade generator. It may be argued that the saccade system processes motion-related signals differently when the ramp is orthogonal to the step than when it is "aligned" with target motion. However, this possibility would not be consistent with the improved processing of motion-related signals from that part of the visual field which is targeted by the saccade, irrespective of its direction (Lisberger 1998) .
The results reported here also show a relatively good accuracy of saccades toward a moving target with a slight hypometria (Fig. 7) for target speeds exceeding 14°/s. However, these saccades were less precise (endpoints were more variable) than those aimed at a static target (Fig. 9) . We also observed that the showed that the amplitude of saccades to a moving target still correlated with target eccentricity when considering the position of the target at saccade onset. This study is consistent with a continuous processing of target motion-related signals, in contrast to the discrete sampling considered in several other studies. According to those, the target position is sampled 100 ms before saccade onset and subsequent retinal slip signals are used to elaborate an additional command required to compensate for the motion of the target after its position is sampled (Guan et al. 2005; Keller and Johnsen 1990; Optican and Quaia 2002; Schreiber et al. 2006) .
Neural control of saccades to a moving target
The deep SC is a brain stem structure situated at the interface between visual areas of the cerebral cortex and saccade-related territories in the pontomedullary reticular formation (Sparks 2002) . From a macroscopic point of view, the two deep SC form a goal motor map , which is in register with the retinal map, with the anterior (rostral) regions of both colliculi representing foveal and perifoveal visual fields, posterior (caudal) regions representing the peripheral visual field, medial regions representing the upper visual field, and the lateral regions the lower visual field. In the deep SC, neurons discharge a burst of action potentials prior to every contralateral saccade within their movement field (i.e., the range of saccade amplitude and direction that is preceded by a burst). Keller et al. (1996) showed that these neurons also emitted a burst of action potentials prior to saccades made to a moving target. During these saccades, the movement field expands such that it includes the amplitudes which are required for the fovea to "intercept" the moving target. These results were considered as corroborating the hypothesis that the generation of such saccades involves two parallel streams ("dual drive hypothesis"; Optican and Quaia 2002) . One stream, the "initial target eccentricity" pathway (ITE) would carry a primary drive command based on the eccentricity of the target at the time it is detected and sampled. The second stream, the "predicted target displacement" pathway (PTD) would compute the complementary command to compensate for the fact that the target moved after its detection. The computation of this compensatory command is more elaborated because it requires estimating the target speed and the duration that spans from the time of target detection until saccade end. These two commands would converge onto the population of premotor neurons in the pontomedullary reticular formation to drive the motoneurons innervating the extraocular muscles (Sparks and Hu 2006) , leading to a saccade that allows the fovea "catching" the target, not where it was initially located but exactly where it is at the end of the saccade. The input of the ITE stream to the premotor neurons would originate from saccade-related neurons in the deep SC, whereas the PTD stream would involve either the frontal eye field (FEF) (Cassanello et al. 2008) or the cerebellum (Optican and Quaia 2002) . The prolonged deceleration phase or the second peak eye velocity sometimes observed during saccades toward a moving target would reflect the late influence of this compensatory mechanism. However, this delayed influence is not supported by our results because we could not detect any significant asynchrony in the onsets of the step-and motion-related components. Concerning the FEF as a relay in the PTD stream, there is little evidence of direct projections from the FEF to either the rostral interstitial nucleus of Cajal (Stanton et al. 1988) or to the paramedian pontine reticular formation (Segraves 1992 where burst neurons for vertical and horizontal saccades are respectively located. Concerning the cerebellar involvement (Optican and Quaia 2002) , it is primarily based on the observation that the lesion of one of its major input nuclei, the DLPN, impairs the accuracy of saccades directed toward a moving target without affecting those aimed at a static target (May et al. 1988 ). However, this selective impairment could also be viewed as resulting from an alteration in translating target-related signals into the appropriate modulatory adjustments (Pellionisz and Llinas 1982) required for generating an accurate foveation of the target (see Goffart et al. 2004; Guerrasio et al. 2010; Quinet and Goffart 2007 for the case of static targets). Despite its contribution for showing that some of the neuronal solutions to the computations involved in saccade generation (e.g., the neural encoding of dynamic motor error) may not be explicitly performed by neurons that neurophysiologists ought to identify (see also Robinson 1992) , the model proposed by Optican and colleagues (Quaia et al. 1999) is also based on an assumption (topographical organization of the fastigial oculomotor regions) that has not been confirmed by physiological data (Fuchs et al. 2010; Quinet and Goffart 2009; Sato and Noda 1991) .
A hypothesis alternative to the "dual drive" hypothesis remains possible and untested: the "remapping hypothesis." This hypothesis extends the concurrent processing shown during saccades generated when several visual targets are presented Keller 2001 2003; Port and Wurtz 2003) to the case of a moving target. The larger movement fields of neurons in the deep SC observed during the generation of saccades toward a moving target (Keller et al. 1996) may indeed indicate a change in the size of the population of active neurons (Sparks et al. 1976) , expanding the collicular representation of the target location from a vector corresponding to the initial target location to a vector corresponding to the future target location. The change in the two-dimensional dynamics (curvature) of saccades directed toward a moving target would occur because the collicular command changes during the saccade (Gandhi and Keller 1999; Pélisson et al. 1995; Walton et al. 2005) . The available data cannot exclude the recruitment of additional neurons because Keller et al. (1996) did not test whether initially silent neurons would become active before a saccade with amplitude and direction corresponding to their movement field properties. Testing the response field properties of tectal neurons in the barn owl, Witten et al. (2006) showed an enlargement increasing with stimulus velocity but also a predictive shift in the leading and lagging edges of the response field (see Guo et al. 2007 for a similar predictive remapping in the monkey primary visual cortex).
Several inputs could participate in a spread of activity in the deep SC before the generation of a saccade to a moving target. First, target motion-related signals in the superficial layers of the SC (Cynader and Berman 1972; Moors and Vendrik 1979; Schiller and Koerner 1971) could be conveyed to saccaderelated neurons in the intermediate layers of the SC through interlaminar connections (Helms et al. 2004; Isa and Hall 2009) . Second, cortico-tectal projections from the FEF (Hanes and Wurtz 2001; Stanton et al. 1988 ) could also relay their motion-related sensitivity (Cassanello et al. 2008; Xiao et al. 2006) fed by areas MT and MST (Schall et al. 1995) . Third, motion-related signals from MST area (Komatsu and Wurtz 1988) could also reach the deep SC though their direct projections (Maioli et al. 1992 ; but see Boussaoud et al. 1992) . Interestingly, Keating at al (1991) reported hypometric saccades toward a moving target in one monkey after an ablation of the FEF area. Finally, it is worth keeping in mind that cats are unable to perform accurate visually guided paw movements toward a moving target after bilateral lesion of the superior colliculi (Viévard et al. 1986 ). In conclusion, further recording and inactivation studies should be able to show whether a remapping of activity in the deep SC occurs before the generation of saccades toward a moving target.
